Introduction
============

The type species for the genus *Ensifer*, *Ensifer adhaerens*ATCC 33212 was initially characterized due to its predation activity against other bacteria in addition to its nitrogen-fixing activity under nutrient-limited growth conditions [@B1]. The nitrogen-fixing genus *Sinorhizobium* were later found to be synonymous with the *Ensifer*. In addition, since the genus *Ensifer*were classified first, this synonymy was initially resolved by re-classifying members of the *Sinorhizobium*as *Ensifer*species. However, given that *Sinorhizobium sp.*were significant members of the rhizosphere, this created great consternation in the rhizobium scientific community [@B2]. Adding to this confusion was additional analyses that suggested a clear separation of the *Ensifer*and *Sinorhizobium*into two separate genera [@B3]. The recently published method for genus delineation based on protein conservation [@B4] and the availability of whole genome of various type strains in this group (including the recently published *Ensifer adhaerens* ATCC 33212) invite a genome-based investigation of the molecular taxonomy of the genera *Ensifer* and *Sinorhizobium* [@B1]. The goals of this study were aimed to: 1) improve taxon sampling of the genus *Ensifer* by sequencing and annotating eight additional genomes of *Ensifer*strains isolated from two pristine cave environments, 2) identify putative gene(s) associated with adaptation to cave environments and 3) utilize various genomic/proteomic information to resolve the question of whether the genera *Sinorhizobium*and *Ensifer* should be separated into two distinct genera or be combined into a single genus.

Methods
=======

Strain SD006 was isolated from water in Calcite Lake, which is formed where Wind Cave intersects the Madison Aquifer at a depth of -200 m in Wind Cave National Park, South Dakota, USA and maintained on half-strength tryptic soy agar medium (Merck, Germany). The Lechuguilla Cave (LC) strains (LC11, LC13, LC14, LC54, LC163, LC384, and LC499) were isolated from cave dry wall environment in New Mexico as previously described by Bhullar et al., [@B5]. DNA extraction was performed using E.Z.N.A Tissue DNA Kit (Omega bio-tek, Norcross, GA). The extracted DNA was subsequently processed using Nextera XT (Illumina, San Diego, CA), quantified using Qubit 2.0 (Invitrogen, Waltham, MA) and sequenced on the MiSeq Illumina sequencing platform located at the Monash University Malaysia Genomics Facility.

Illumina adapter removal, whole genome assembly, *in-silico* scaffolding and gap closing were performed using Trimmomatic v0.35, SPAdes v3.6.2, SSPACE v3.0 and Gapfiller v1.10, respectively [@B6]-[@B9]. Genomic relatedness among different strains was inferred based on average nucleotide identity (ANI) using JSpecies v1.2.1 [@B10]. PhyloPhlan v0.99 was subsequently used to infer the evolutionary relationship among the sequenced strains and related strains/species [@B11].

Pangenome analysis was performed with Roary (<https://sanger-pathogens.github.io/Roary/>) using a protein identity cut-off of 90% for clustering orthologs. Genus delineation was determined based on the percentage of conserved proteins (POCP) as described by Qin et al [@B4] whereby strains sharing pairwise POCP value of \>50% belong to the same prokaryotic genus.

Data description
================

The genome size of the strains sequenced in this study ranges between 6.0 to 7.5 megabases with N~50~ and GC content ranging from 180,000 to 232,000 bp and 61.5% to 62.3%, respectively (Table [1](#T1){ref-type="table"}). By rooting the constructed tree with several members of the order *Rhizobiales*as the outgroup, maximum likelihood inference based on the alignment of 400 conserved proteins shows a clear separation of the *Ensifer/Sinorhizobium* group into two clades (Clade I and Clade II) with maximal local support values inferred by the Shimodaira-Hasegawa test (SH-like local supports). Clade 1 consists of mainly strains from the genus *Ensifer* including the type strain *E. adhaerens.*On the other hand, Clade 2 consists of mostly strains from the genus *Sinorhizobium*including 3 type strains e.g. *Sinorhizobium arboris*LMG14919*, Sinorhizobium saheli*LMG7837 and *Sinorhizobium fredii*USDA205*. Ensifer sojae* CCBAU05684 is the only strain with *Ensifer*species designation that demonstrated monophyletic clustering within the "*Sinorhizobium*" clade. Based on phylogenetic clustering (within Clade 1; Fig. [1](#F1){ref-type="fig"}C), the cave isolates reported in this study were designated as members of the genus *Ensifer*. Additionally, these strains represent at least two genospecies of *Ensifer* distinct from the type species *E. adhaerens*ATCC 33499, as evidence by their pairwise average nucleotide identity of less than 85% (ANI of \>95% indicates identical genospecies; Fig. [1](#F1){ref-type="fig"}A)[@B12]*.* The first cave genospecies consists of strains LC163, LC54, LC384 and SD006 and the second consists of strains LC11, LC14 and LC499.

Although the separation of *Ensifer* and *Sinorhizobium* into two distinct clades corroborates with previous study by Martens *et al.*[@B3] who observed similar separation based on the phylogenetic analysis of ten concatenated house-keeping genes (*atpD, dnK, gap, glnA, gltA, gyrB, pnp, recA, rpoB* and *thrC*), all pairwise POCP values among members of *Ensifer* and *Sinorhizobium* are consistently higher than 50% (Fig. [1](#F1){ref-type="fig"}B) thus providing convincing genomic evidence that they represent two major clades within the same genus.

Strain SD006, the only isolate from an aquatic cave environment, has the largest genome size among the eight cave isolates with more than 427,000 bps of additional genomic information than the strain that exhibits the smallest genome (LC11; Table [1](#T1){ref-type="table"}). Pan-genome analysis of SD006 and members of its genospecies identified up to 2,106 unique genes. Functional annotation of this unique proteome in SD006 led to the identification of a gene coding for aquaporin (Uniprot entry: A0A0L8BEZ5; locus tag: AC244_32060). The aquaporin protein has been shown to be involved in regulating responses related to changes in environmental osmolality [@B13] that may be more prevalent in the isolation source of strain SD006 e.g. an aqueous environment, compared to a dry limestone surface where the seven other strains were isolated. The putative aquaporin protein has the highest similarity score of 82.8% (as of 15^th^ August 2016) to Uniprot entry A0A072CG14 from the soil isolate *Sinorhizobium americanum* CCGM7.

Strain LC11 has been previously demonstrated to exhibit *in-vitro* predation activity against *Micrococcus*sp. strain LC524 using methods such as the cross streak and predation activity assay, followed by the visualization of the predation activity using a scanning electron microscopy (SEM) [@B14]. However, its predation requirement(s) differs substantially from the type strain*E. adhaerans*ATCC 33499 e.g. while strain LC11 readily tracks prey at pH 8.0, similar to the pH of the cave environment. *E. adhaerens* ATCC 33499 usually exhibits predation at a more acidic pH of 6.0-6.5.

The availability of whole genome sequences of seven *Ensifer*sp. will be useful for the identification of genes associated with bacterial predation and/or cave adaptation in members of the genus *Ensifer.*

Nucleotide sequence accession numbers
-------------------------------------

The genome sequences of strains described in this study have been deposited at GenBank as described in Table [1](#T1){ref-type="table"}. The version described in this paper is the first version.
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![Phylogenetic analysis of cave strains (SD006, LC11, LC13, LC14, LC54, LC163, LC384 and LC499) with other members of *Rhizobiales*and their genomic similarity. (A) Heatmap showing pair-wise average nucleotide identity based on MUMMER calculation (ANIm) among the cave isolates and *Ensifer adhaerans* ATCC 33499^T^. (B) Percentage of conserved proteins (POCP) comparison of strains among the *Ensifer/Sinorhizobium* clades and strains from the Sphingomonadaceae family designated as "S" in the X-axis. Red horizontal line indicates 50% cutoff value. (C) Maximum likelihood tree of the order *Rhizobiales.*The tree was rooted using members of the family Sphingomonadaceae as the outgroup. Type strains are indicated by the superscript letter "T". Values in nodes depict local SH-support and branch length indicates the number of substitution per site.](jgenv05p0012g001){#F1}

###### 

Genome annotation information for the isolated strains. The table shows the bioproject, genome accession numbers, genome size, GC range (%), N50 range (bp).

  Strain   BioProject    GenBank Accession Number   Genome size (bp)   GC (%)   N50 (bp)
  -------- ------------- -------------------------- ------------------ -------- ----------
  SD006    PRJNA288791   LGAP00000000               7,461,094          61.53    187,147
  LC11     PRJNA328912   MBSO00000000               6,217,316          62.21    181,097
  LC13     PRJNA328912   MBSP00000000               6,217,834          62.21    180,792
  LC14     PRJNA328912   MBSQ00000000               6,225,177          62.21    180,778
  LC54     PRJNA328913   MBSR00000000               6,521,514          62.00    231,502
  LC163    PRJNA328914   MBSS00000000               7,033,756          61.82    228,827
  LC384    PRJNA328915   MBST00000000               6,217,481          62.22    167,160
  LC499    PRJNA328916   MBSU00000000               7,026,316          61.82    195,448
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